The early development and blossoming of electron microscopy in the twentieth century are outlined with particular reference to biological applications, and the establishment and demise of facilities for the Faculty of Science in a London college are charted in relation to funding, staffing, and economic pressures. Use of these facilities for research, teaching and the promotion of science declined as the pressure to maximize outside income increased.
INTRODUCTION
History has shown that great advances are initiated not by teams of scientists dedicated to solving a particular problem or filling a technological need but rather by individuals with an outstanding imagination and the capacity to see potential that no one else has recognized. It is only after the architects have played their part-often long afterwards, and with the intervention of serendipity-that the teams of developers move in and capitalize on such vision, and the new technology opens our eyes and minds to hitherto unknown worlds beyond or within our own. In the terms of the evolutionist it is a story of punctuated equilibria, remaining relatively unchanged for a long period and then progressing rapidly, followed by a period of refinement before levelling out. The development of electron microscopy in the twentieth century is a sufficiently recent example for some of us to have witnessed it in our own careers.
My fascination with this growing discipline was awakened in 1963 at Bedford College, University of London (BC), and my involvement continued for another 38 years, after which, on my retirement, my directorship of the Faculty of Science Electron Microscope Unit (EMU) at Royal Holloway (RH) ended. Recording the story of this microcosm, set against its historical background, is perhaps justified in that it illustrates another fundamental evolutionary principle-the ever-present fight for survival and progress by the 'Davids' and 'Goliaths' alike of the scientific community in often hostile economic and political conditions. It is fitting that the story really began in the Cavendish Laboratory, Cambridge, where J. J. Thomson FRS (later OM PRS) had demonstrated the existence of electrons in 1897, for there is a direct link between that laboratory and the origins of electron microscopy at BC. Coincidentally, 1908, the year in which Thomson was knighted, also saw the birth of Ellis Cosslett (FRS 1972) , the physicist who came to the Cavendish 38 years later and was to become a pre-eminent figure in the promotion of electron microscopy in the twentieth century, and for its use in the biological sciences in particular. 1, 2 So too, the marrying of physics and biology bore fruit at BC, where the biophysicist Dr (later Professor) Douglas C. Spanner had the skill to resurrect a microscope replaced by the Cavendish when Cosslett eventually succeeded in getting funding for a new instrument.
When in 1924 the mathematician Louis de Broglie (ForMemRS 1953) demonstrated the wave-like properties of electrons, Cosslett, then a postgraduate student in Bristol, was intrigued, but the practical applications of the work had not yet been envisaged. Waves of electrons are mere ripples on the surface of a pond (with a wavelength of about 0.005 nm at 50 kV) compared with the tidal waves of photons (400 nm for blue light), which accounts for the great resolving power of an electron microscope. The theoretical background for the development of such an instrument was complete in 1926, when Hans Busch showed that magnetic coils could alter the path of an electron beam, but five years passed before Max Knoll and Ernst Ruska applied both principles in creating a virtually two-dimensional image of a platinum grid.
By 1933 Ruska had constructed a prototype transmission electron microscope (TEM) using solenoids encased in iron as lenses. Siemens funded his subsequent collaboration with Bodo von Borries on the development of the Ü bermikroskop Ü M 100 (figure 1), the microscope on which Cosslett and, later, Spanner executed their early work. Yet it was 20 years or more before the value of Ruska's invention was fully realized, and another 34 years before he followed Thomson and de Broglie in becoming a Nobel laureate in Physics.
Knoll turned to the development of television and in 1935 devised a means of producing a three-dimensional image of a transformer core by scanning the fine tip of an electron beam over its surface. In so doing he incidentally pioneered the concept of the scanning electron microscope (SEM), which reveals the topography of specimens (figure 2), although it was another German, Manfred von Ardenne, who in 1938 first incorporated scanning coils into the column of a TEM and transformed it into a scanning TEM (STEM). Although his groundbreaking work was halted in 1944, when his equipment was destroyed by bombing, it was later pursued by others and has contributed to our understanding of biological material at the molecular level.
The Royal Society partly funded the development of an experimental TEM by L. C. Martin, Imperial College, London, and Metropolitan-Vickers (later AEI), and by 1939 Siemens had produced the Ü M 100 in Germany. During the war the Radio Corporation of America (RCA) was making uninterrupted progress on their model, the EMB, one of which was allocated to the Cavendish Laboratory under the Lend-Lease agreement in 1942, and later it received a Siemens Ü M 100 removed from the Krupp factory in Essen at the end of the war. When Cosslett arrived at the Cavendish in 1946 he and his team rebuilt the Siemens and succeeded in making images of metallurgical samples, viruses and bacteriophages.
Meanwhile, another physicist with engineering expertise, C. W. (later Sir Charles) Oatley (FRS 1969), had been working in the Cavendish Laboratory during the war on the development of radar, which gave him the background to address the most intractable problem in SEM E. B. Andrews 170 design: trapping and amplifying the weak secondary electrons normally used to build up an image of a specimen on a cathode ray tube. 3 Inspired by the prewar work on a scanning microscope, he and his PhD student, Dennis McMullan, took up the challenge and by 1952 they had constructed an SEM with a resolution of about 50 nm, but improving on this was technically difficult; it was 1970 before a Cambridge S410 was installed at BC.
By the mid twentieth century both Cosslett and Oatley faced the intransigence of scientists less confident about overcoming the remaining technical barriers. The TEM was in a more advanced state than the SEM, and Cosslett recognized that in the organic 'biological' world, as distinct from the inorganic 'physical' world, so many components are macromolecules of dimensions big enough to see with a TEM (figure 3), but protecting tissues from serious damage by a powerful electron beam in a 'high' vacuum (about 10 K6 mbar, or 10 K4 Pa) was a major hurdle. Tellingly, initial support for discussion meetings came from the Institute of Physics and not the Royal Microscopical Society. (FRS 1977) and Keith R. Porter in devising techniques to minimize the osmotic damage and severe shrinkage that occur during the preparation and embedding of biological material. Epoxy resin embedding media made it possible to cut 50-100 nm sections of tissues, and an ultramicrotome operating on a mechanical advance principle, designed by A. F. (now Sir Andrew) Huxley FRS (later OM PRS), proved to be reliable and robust even in the inexperienced hands of our undergraduates. In 1955, Cosslett and his colleagues were joined in Cambridge by another physicist, Audrey Glauert (daughter of Hermann Glauert FRS), to whom biologists are indebted not only for her own experimental work, but also for her editorship of a series of publications collating these techniques. By chance, she was a graduate of BC and had been on the staff of Royal Holloway College (RHC).
BEDFORD COLLEGE: A SATELLITE IS BORN FROM THE CAVENDISH CAST-OFF
Establishing electron microscopes as part of the standard equipment of any 'well-found' science faculty was an uphill struggle, particularly for small institutions, and women's colleges were at a great disadvantage in not having materials science or engineering departments that would benefit from their use. Yet, thanks to Spanner (figure 4), who recognized the enormous potential of electron microscopy, BC gained an early foothold and came to inherit the very Siemens TEM on which much of the groundwork had been executed. Spanner had been appointed to a newly established Readership in Plant Biophysics in 1955, and electron microscopy offered a valuable insight into the fine structure of sieve tubes for his research on the mechanism of solute transport in the phloem of vascular plants. By this time a decade had passed since Cosslett had arrived in Cambridge; he now had funding to replace the Siemens, which was for sale for £300. With the support of his farsighted Head of Department, Professor Leslie J. Audus, Spanner was awarded a grant from the Academic Board of the College for its purchase. He rebuilt it yet again and by 1958 it had a new home in a darkened corner of the chief technician's room in the Botany Department, but it always displayed a recalcitrant streak, so it bore the exhortation 'if all else fails, kick it'! I became acquainted with the Siemens five years later, when as a new assistant lecturer in Zoology I was encouraged to explore the possibility of using it for my studies on gastropod molluscs. It was a daunting prospect. The microscope was overbearing, crowned by a huge open 'HT tank' and I had to stand on a step-stool to reach some of the controls. The original manual version of the Huxley ultramicrotome was in Professor Norman Millott's room in the Zoology Department, so I had to try to master section cutting under his gaze. Cutting the glass knives was also a feat for me before the days of the LKB knife-maker, because the span of my hands was too small to grip the pliers properly. The new microscope had to be housed away from any electrical surges and vibrations caused by the underground trains serving Baker Street, which affected the main site. The College held the lease from the Crown of a neighbouring Regency mansion, The Holme, on the Inner Circle of Regent's Park, and its 'bothy', originally servants' quarters, proved to have the necessary stability. It was converted into a self-contained unit (the EMU), and with some financial support from the Court of the University it was equipped with preparation and photographic facilities. Spanner was based in this outpost and was given sole responsibility 
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for its administration and control of its use, ably supported by a highly skilled technician, Raynor L. Jones, whose previous experience in the Biophysics Unit of King's College was invaluable.
Spanner was an evangelist in more ways than one. He was passionate not only about promoting the use of electron microscopy for research within the biological sciences but also about imbuing the next generation with the enthusiasm and technical skills to contribute to the field in their own careers. He introduced a lecture and practical course for undergraduates, and independent projects on ultrastructural topics were made available to students in their third year. The Zoology Department followed suit, and the College soon established a lead in the practical training of its students. An AEI Corinth 275 TEM was bought to facilitate this in 1970, and it was accommodated in one of the old garage rooms of The Holme. It was a compact instrument, with its column beneath a desk top. Its 35 mm camera was well suited to heavy use by students, although in some ways its design did not measure up to that of its elder sibling.
By that time there had been a similar breakthrough with scanning electron microscopy after the success of Cambridge Instruments in developing the first commercial model five years earlier. The London University Board of Studies in Zoology decided to establish an intercollegiate Stereoscan Unit and chose BC to accommodate it. So, 1970 heralded the arrival of another occupant of the old garage rooms: a Cambridge S410 (figure 6). The unit operated independently, with its own technician and part-time clerical assistant, before being brought under the umbrella of the College EMU nine years later.
The challenges of preparing fixed biological specimens for the SEM were largely overcome by using critical-point drying or, less commonly, freeze-drying to minimize shrinkage, and shadowing or sputter-coating with an approximately 1 nm layer of gold or gold-palladium (carbon for microanalysis) to make them electrically conductive. 
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Electron microscopy in the twentieth century
The major parallel developments of energy dispersive (EDX) and wavelength dispersive (WDX) X-ray microanalysis did not come to fruition until the 1970s. X-rays emitted by a specimen excited by an electron beam add another dimension of great value in giving qualitative and quantitative information about the chemical composition of specimens.
When Spanner retired in 1978 I was asked to assume responsibility for the EMU, a role I undertook with considerable trepidation, as I believed that it needed a better grasp of physics than I had, so I greatly appreciated Audus's encouragement. He was a wise and kind advisor with great strength of character, having survived more than three years of the war in the hands of the Japanese, but he was disinclined to issue dictats. When he retired in the following year he was succeeded by the palaeobotanist Professor W. G. Chaloner FRS, from Birkbeck College, who had used an SEM extensively in his studies, and his research instrument, a Cambridge S600 stereoscan, was transferred to the EMU. His informal style, dynamism and enthusiasm sustained the close contacts between the EMU and the Botany Department.
Chaloner's arrival overlapped with the retirement of Raynor Jones, and Grahame Lawes, also from Birkbeck and with experience of handling the S600, was appointed as Chief Technician. As the workload increased he was joined by a full-time grade five technician, Tony King. These appointments were critical for the development of the EMU, because technicians have a pivotal role in the efficient and smooth running of a specialized facility such as this, and universities have to compete with the higher salaries and opportunities for promotion offered by business and industry.
In 1980 Chaloner introduced the SEM into the course on electron microscopy, and he persuaded Lawes and me to make a video recording at the University Audio-Visual Centre on specimen preparation for the SEM as a teaching aid. This was a time when there was no training in presentational skills for academics. Although I found facing a camera unexpectedly, without a script, a somewhat unnerving experience, it proved to be relaxing for the students by drastically reducing the speed of my delivery! As demand for facilities grew, particularly in scanning electron microscopy, the EMU came to serve the whole Faculty under the aegis of the Dean and a management committee. The future seemed full of promise when, later in 1980, the EMU was offered accommodation in the basement of The Holme itself to centralize all the equipment and give better facilities for teaching. It was a repository for old furniture, damp and uninviting, so it required extensive adaptation, but it was spacious and free of vibrations. With a little imagination and a refurbishment grant of £30 000 from the University Court we saw it as an ideal place in which to settle. Planning was time-consuming, but on completion the conversion lived up to all expectations. The Zoology Stereoscan Unit was also rehoused there and its administration became part of my remit.
The EMU also became the proud possessor of a Zeiss 109 TEM, funded jointly by the SRC and the College. Subsequently I had to justify the choice to the physicists Professor Roland Dobbs (Dean of the Faculty), Sir Brian (later Lord) Flowers FRS, who became the Vice-Chancellor of the University, and to Dr Brian Oakley, secretary to the recently established Science and Engineering Research Council (SERC), because the market was highly competitive. Its design was innovative, with an ion-getter pump and an 'out of vacuum' camera below the fluorescent screen from which the image was transmitted by a fibre-optic plate. It carried eight plates, allowing rapid turnover and quick feedback, which was ideal for serving many users. Two decades later it was donated to Khartoum University.
ECONOMIC PRESSURES, RELOCATION AND TURBULENT TIMES
By 1981 the financial situation was becoming increasingly difficult for small London colleges, so our optimism was unfounded. A high-level review concluded that there should be rationalization of London University and BC was particularly vulnerable, because its site was leasehold and offered no scope for expansion. After a series of abortive liaisons a merger with RHC and the relocation of BC to Egham was finally agreed. 6 This was a traumatic time, and emotions often got the better of reason, the flavour of which was later reported in an article in the Times Higher Education Supplement of 23 September 1983. Inevitably, both work and personal lives were affected. EMU staff numbers, already depleted in November 1981 by the loss of the stereoscan clerical assistant, were further reduced when King resigned in the spring of 1982. Both posts were frozen.
In March 1982 I was shocked to discover that the lease of The Holme was due to expire in August 1983 and would not be renewed, so we had barely settled into the refurbished basement when moving the EMU to Egham became a matter of urgency. Once more we were embroiled with architects, planning a new building. The design was unusual, intended to facilitate the accommodation of groups for demonstrations and the overseeing of 'learner drivers' operating the instruments. Preparation, seminar and dark rooms were linked to a heptagon housing six microscope rooms around a central atrium. It was challenged by some, and finding an appropriate site on the campus was difficult. Site surveys inflated the building costs and there were delays in its construction, so it was a relief when in November 1983 we belatedly vacated The Holme.
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The move coincided with the resignation of the stereoscan technician, which left Lawes to cope single-handed with the logistics while also trying to keep the service running and making the transition as smooth as possible for users. My teaching commitments were split between the two campuses, so we often had to discuss the latest developments by telephone. The situation was not helped by the fact that although the Chemistry Department moved to RHC in 1982, the new building for the EMU was in the vanguard of the major developments and was therefore in the spotlight and could become a focus of criticism. We soon knew how Cosslett and Oatley must have felt! Our spirits soared when the first and clearly knowledgeable visitor to the completed building introduced himself to Lawes as 'Roy Miller' and greeted him warmly. (Dr Miller, a physicist whose research field was electron microscopy, was then Principal of RHC and became Vice-Principal of the merged college.) It heralded a wonderful association, which lasted until his retirement in 1998. There was also a welcome postcard from another physicist and steadfast supporter through many difficult times, Moreton (now Professor A. M.) Moore. We received further encouragement from Professor Jack Pridham, Head of the Biochemistry Department, and the Earth scientists, led by Professor Alec Smith, later joined by Professor Jim Rose, when they arrived on campus. The senior officers of both colleges regarded this first new building on the RHC campus, funded by the sale of the Regent's Park site, as a symbol of growth and optimism that they wished to celebrate by holding an official opening ceremony. This never came about, but the EMU was invited to mount an exhibit for Her Majesty The Queen when she opened the new Earth Sciences building in 1986.
The staffing situation eased when one frozen technical post was released and a former research student of mine, Kevin (now Dr) K. H. Jennings was appointed. The College then funded the purchase of a new stereoscan, the Cambridge S100, later equipped with a Link EDX microanalyser on a grant from the University Special Equipment Needs Fund, which also met the cost of a Hitachi H600 TEM with a goniometer stage. These instruments replaced the S600, EM6B and other obsolescent microscopes originally located in the RHC Botany Department. An ageing JEOL analytical microprobe was transferred to the EMU from the new Geology Department, but attempts to fund its replacement in a bleak economic situation were unsuccessful.
I was always conscious of the vulnerability of the EMU in this financial climate. In the early years after the merger it probably owed its survival to the convincing arguments of the then Vice-Principals Dr Miller and Dr John Prebble in its defence, because the Principal, Professor Dorothy Wedderburn, a sociologist and economist, relied heavily on their judgement in scientific matters. It was a relief when a 'zero-based budgeting' analysis carried out by the College in 1986 concluded that the EMU provided a high-quality service at relatively low cost. By then it served about 100 users a year.
Funding the replacement of electron microscopes was becoming critical throughout the University and in 1989 it set up a working party to explore the possibility of establishing a centrally administered fund from the Court, to which colleges could make competitive bids. As part of this exercise Mr L. Fairbairn of the University Purchasing Group visited the EMU and confirmed that the policy of centralizing the equipment and technical expertise was an efficient model that other colleges should be encouraged to adopt. The relevant working party was disbanded in 1990, when the Court took the ominous decision that it could not make such a financial commitment.
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There was a further blow when the newly elected Dean stated on a visit to the unit that a policy of 'cost centre funding' was about to be introduced at Royal Holloway. It meant that if we were unable to attract enough external income to cover the running costs, the EMU would be closed. From then on I was required to include such overheads as building maintenance and a contribution to central administration in the budget, which was another disturbing change in policy. It was impossible to increase contract work and meet the needs of the Faculty with only two technicians, even if there were sufficient clients. We had already attempted to attract commercial users and develop training courses for people outside the University to supplement the funds, but we met with only limited success. The nearby universities of Surrey and Brunel, with their expertise in materials science and origins in colleges of technology, had pre-empted us. Nor could we recruit enough students to justify a second MSc course in competition with that run by the University College of Wales, Aberystwyth. Collaboration with our neighbours, Procter & Gamble, an asbestos analysis service and a few other industrial contacts did not generate sufficient income at about £3500 a year for the unit to meet the target, although it contributed to the purchase of equipment (usually ex-demonstration or second hand).
Cost centre funding was never introduced, but despite reassurances the threat had destroyed any sense of job security for the technical staff. After this, a change in management structure simplified the chain of command and Miller took over the chairmanship of an Advisory Committee set up to oversee policy for the unit. His unswerving support was invaluable during this difficult period. By then, Jennings had moved to the Middlesex Hospital and later joined GlaxoSmithKline. Lawes, who had the experience to train junior colleagues, left to join Link Analytical (now Oxford Instruments) in February 1990.
Trying to attract and keep highly qualified technicians was a constant worry for the next four years. There was growing demand within the college for scanning electron microscopy and microanalysis, so with support from the Faculty the obsolescent Cambridge S410 was replaced by a Hitachi S2400, which exacerbated the pressure on staff time. External work had to be limited to no more than 20 per cent of the working week, and meeting deadlines required careful management if anyone was absent. The workload necessitated the greater involvement of a technician in the School of Biological Sciences (created by the merger of Biology and Biochemistry after Chaloner's retirement) and some staff came to regard the EMU as a satellite of the School.
The wheel of fortune turned when Michael Faulkner was appointed to the post of Technical and Business Manager of the EMU in 1994. His background in engineering, later in the Department of Materials Science, and then in the Faculty of Medicine at Sheffield University, where he was instilled with the highest standards of reliability and accuracy, was ideal for our diverse interests. Links with Procter & Gamble were strengthened, external income reached an average of £12 000 a year, and Faulkner's diplomatic manner and good humour in interacting with so many users was greatly valued by all those who worked with him, but the independence of the unit continued to be questioned. An impending Research Assessment Exercise, in which an improved rating was vital, created a beleaguered atmosphere and the political climate was highly charged. My loyalties were split between my research and teaching commitments to the School and the EMU. The pressure was compounded by increasing concerns over the financial situation.
Nevertheless, in 1997 the EMU was awarded a grant to replace the Cambridge S100 with an up-to-date Hitachi S3100, because scanning electron microscopy and microanalysis had become more important tools than transmission electron microscopy across a broader range 179 Electron microscopy in the twentieth century of research interests in the faculty. But the age when electron microscopy reigned supreme in imaging techniques was also passing, with the development of a new generation of microscopes: the confocal scanning laser microscope and the atomic force microscope. The former has many applications in Earth, physical and biological sciences, including the optical slicing of living tissues, and the latter, with a scanning probe no more than 1 nm in diameter, provides information about the topography, mechanical properties and electronic structure of biological and inorganic materials at atomic resolution. Funding from a combination of college and research council grants for specific projects enabled the Faculty to acquire such instruments, which were initially housed in the EMU, but there was increasing pressure for decentralization. The atomic force microscope, purchased on grants for botanical and physics projects, was moved to the 'clean' laboratory in the Physics Department, creating space for a second-hand Hitachi STEM.
DECLINE AND FALL
The retirement in January 2000 of Professor Norman Gowar, a mathematician who had succeeded Professor Wedderburn as Principal, was keenly felt. He had made it clear on his first visit to the EMU that all applications for its financial support and staffing would be treated on the same competitive basis as those from departments, but throughout his 10 years in post he gave us every encouragement in developing the unit for research, teaching and the promotion of science in the wider community. We lost another staunch ally when the term of the Dean, Professor John Lowe of the Geography Department, came to an end in September 2000. Misfortune then befell the EMU when the laserscan and 3100 SEM were stolen on the day before the beginning of the session in 2000. The wrecked SEM was found a few days later, but the laserscan was lost without trace and its replacement was housed in the School of Biological Sciences.
On a positive note, the replacement for the SEM, a Hitachi S3000, had the benefit of digital imaging, and collaboration with Procter & Gamble was enhanced by the transfer of their environmental SEM to the EMU. There was also a favourable report after an inspection of the unit by the then Secretary of the National Environmental Research Council, Professor John (now Lord) Krebs FRS.
Despite this, history repeated itself as financial pressures increased and the need to earn outside income (which reached about £60 000 a year for asbestos analysis alone) became paramount at the expense of the academic work for which funding of the EMU and its instruments was originally intended. Among the more gratifying external projects in which the unit participated, Giles Revell created art from SEM montages of arthropods, supported by a NESTA (National Endowment for Science, Technology and the Arts) award, and Dr Joyce Townsend analysed paint samples from masterpieces in the Tate Gallery to assist in restoration work and the detection of fraud. Procter & Gamble scrutinized hair samples, and toxicological and police forensic investigations were performed. However, staff morale plummeted. After I retired, Faulkner, like Lawes before him, left in 2003 for pastures new, at UMIST. The one remaining technician, Patricia Goggin, who had joined us in 1996, soldiered on for another three years before moving to Southampton General Hospital, where her master's degree in medical science is put to good use. She was not replaced. Use of electron microscopy by biologists dwindled as staff retired, research interests changed and undergraduate courses were discontinued. Two microscopes remain, but without dedicated staff, and most of the building has been converted for other purposes. As a central facility the EMU survives in name only.
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There is no doubt about the contribution of electron microscopes to mankind. In the biological sphere, Cosslett's dream has been realized, and the EMU played its part, however small, in palaeontological, taxonomic, parasitological, genetic and functional investigations, both pure and applied, of plants and animals. But it also extended its horizons across a broader spectrum, with the attendant benefit of the intermingling of people from different disciplines, whose paths might not otherwise have crossed. Physical scientists studied materials as diverse as diamonds and Moon dust; Earth scientists explored sediments and the fauna of deep-sea vents; computer scientists examined silicon chips for smart cards; and historians analysed old coins.
From a student perspective there was another dimension to this small enclave that could not be quantified by conventional measures of efficiency such as staff:student ratios. The limited size of the practical classes and the one-to-one training that students received in electron microscopy engendered a friendly atmosphere, so the EMU became something of a retreat for them. The technicians were all graduates, several of whom were 'home-grown', and close enough in age to the students to be able to enthuse and empathize with them over a 20p cup of coffee while specimens were processed. The long-term gain is manifest in the career choices of those who have become electron microscopists in the pharmaceuticals industry, hospitals, research institutes and museums, rather than in the accountant's balance sheets. We also extended our missionary zeal to future generations of students, with free demonstrations to parties from schools and colleges, training days for teachers and technicians, and work experience for sixth formers. Such outreach activities were much in demand. We tilted at windmills and finally lost, but I do not believe that we failed the men of vision.
